For stationary targets, circular synthetic aperture radar (CSAR) imaging has tended to be mature and perfect. However, for moving targets, due to the long synthetic aperture and the variation of slant plane with the observation angle, the motion compensation is more complicated and has no effective approach. Based on the latest moving target trajectory reconstruction method in CSAR (2015), the polar format algorithm can be improved to image the moving targets when the motion parameters have been estimated. First, the authors placed the imaging reference point on the target to track it, and then compensated for the phase error caused by the incident angle changing and the wavefront curvature. The simulation results of point show that the algorithm is effective and accurate.
Introduction
Circular synthetic aperture radar (CSAR) offers significant properties by changing the geometry to a circular trajectory. This imaging mode comes into some attractive features, such as alldirectional observation, high spatial resolution, and 3D imaging [1] [2] [3] . Among them, all-directional observation brings more scattering information to make the object recognition and feature classification more accurate. In recent years, due to the importance of moving target imaging in recognition and battlefield surveillance, it has gradually become a research hotspot in the field of SAR imaging.
The generation of fine CSAR imagery requires accurate knowledge of and compensation for relative motion between the target and radar platform [4] . For moving target, the relative motion between radar and target is more complicated in CSAR. It is difficult to get fine CSAR imagery only estimating Doppler parameters and compensating them [5] . A feasible strategy for the moving target imaging is, first reconstruct the trajectory of the moving target by using an inversion method to estimate the target trajectory, then track the target and image it. The accuracy of target trajectory reconstruction directly determines the final moving target imaging quality. In 2015, Poisson et al. [6] , ONERA schola, proposed that the corresponding parameters of the moving target can be calculated by using the position information from the apparent coordinates of the moving target in these sub-aperture SAR images. The realisation of this technique can provide a huge technical support for the CSAR imaging of moving targets. As long as the real motion parameters of the moving targets in the scene are obtained, the imaging of the moving targets will become possible.
When accomplished the parameters estimation, we can begin the imaging process. The polar format algorithm (PFA) [7] , the classic algorithm proposed for spotlight SAR, is used for moving target imaging. PFA can provide user flexibility regarding the choice of image resolution, size, and location of a reconstructed image [8] . Also, it can compensate for the radar's non-planar motion by projecting the signal history onto a focused plane [9] . However, in order to adapt to the imaging of moving targets in CSAR, some improvements are needed. In this algorithm, the reference point is placed on the target to track the moving target, and it brings new phase error term into the phase history. The algorithm needs to compensate for not only the traditional wavefront curvature phase error, but also phase error caused by the reference point changing. This paper is organised as follows. In Section 2, the moving target signal model in CSAR is discussed, and based on which, we perform a mathematical analysis of imaging process and phase error construction, and we present in Section 3 some moving target imaging results on simulation data.
2 Improved CSAR PFA for moving target imaging
Image geometry
The CSAR imaging geometry [10, 11] of moving target is shown in Fig. 1 . In the scene coordinate system xyz, the radar platform rotates anticlockwise from the positive x-axis uniformly with the flight radius R and angular velocity ω. The coordinates of the radar are
where n(n = 0, 1, 2…) is index of pulse number, and PRT is the pulse recurrent time. When the radar platform moves, its spotlight beam always points to the centre o of the scene. The moving target is always in the irradiation area and the backscattering coefficient is σ. Select a point near the target centre as the origin of target coordinate, and establish the target coordinate system x′y′z′ whose axes are parallel to the scene coordinate system respectively. In the target coordinate system x′y′z′, the coordinates of arbitrary point P on the moving target are (x p ′, y p ′, 0), whose spherical coordinates are ρ, η, φ , where
In the scene coordinate system xyz, the coordinates of point P are (x p (n), y p (n), 0). The conversion relationship of the coordinate about point P between them is
(1)
The position (x o′ (n), y o′ (n), 0) of origin o′ changing with slow time reflects the translation movement of the target. 
Imaging process
R o′ (n) is the distance between radar and origin of x′y′z′, and R P (n) is the distance between radar and target P. After dechirping process, the reference signal is based on the distance R o′ (n) and removing residual video phase error (RVPE), the 2D signal can be modelled as
where i is the sample index, T s is the ADC sample spacing, fast time is defined as τ = i ⋅ T s , T p is the transmitted pulse width, c is the speed of propagation, f c is the radar centre frequency, and γ is the waveform chirp rate. This step is to track moving targets by placing reference points on o′. The value of wavenumber
depends on index n and i, we need to align the wavenumber envelope. According to the time-shift characteristic
rearrange the wavenumber according to the first pulse. The new wavenumber becomes
The phase history in (2) can be simplified to
where R Δ = R p (n) − R o′ (n). The distance difference R Δ can be expanded as
where β is the angle between vectors of radar and target P in x′y′z′.
The second is the error term due to wavefront curvature. In the typical PFA processing, r pe is ignored with the plane wave assumption, which results in geometric deformation and defocusing of the SAR image. In order to improve the imaging accuracy and scene focusing range, the wavefront curvature error without any approximation in phase history domain need to be calculated and compensated for. Define θ′(n) be the instantaneous aspect angle, α′(n) be instantaneous incident angle in the target coordinate system, note that
Due to the variation of the incident angle α′(n), the wavenumber projected to the Cartesian coordinate will cause scale change, and all the wavenumber should be aligned according to the first wavenumber, where
The wavenumber projection process corresponds to the interpolation operation of the PFA. The computational complexity of the two-dimensional interpolation process is great, and the interpolation error affects the final imaging result. In order to improve computational efficiency and accuracy, Non-Uniform Fast Fourier Transform (NUFFT) is used in recent years, which completes the process of interpolation and FFT simultaneously. 
The linear phase term
will determine the location of the reconstruction target (x p ′, y p ′). The second phase error term
inducing a defocusing effect of CSAR images is derived from the incident angle changing (Φ E1 ) and the wavefront curvature (Φ E2 ). It is noted that Φ E is space-variant, that is, it is related to the position coordinates of the image. The phase error correction method divides the PFA image into several sub-images, where the size of each sub-image is small enough to accommodate the spatial variation of defocus. Then calculate the conjugate of wavefront curvature error without any approximation in phase history domain and perform a polar reformatting on this error term to get an accurate wavefront curvature error filter in 2D wavenumber domain. We can perform deconvolution directly in the image domain or, equivalently, phase correction in the spatial-frequency domain. From the computational efficiency point of view, the spatial-frequency domain phase correction is often a popular choice. Here, we adopt an approach to compensate the phase error Φ E .
Simulations
In this section, the point target simulation is carried out to demonstrate the performance of the proposed algorithm. The parameters for simulation are listed in Table 1 . The geometry configuration for simulation is shown in Fig. 1 . We simulate a target with six points, which are located at P1 = (0,50) m, P2 = (50,50) m, P3 = (−50,0) m, P4 = (0,0) m, P5 = (0,−50) m, P6 = (50,0) m, shown in Fig. 2 . The target covers an area of 100 m × 100 m, which is big enough for a general target. At the beginning of the imaging, the point P4, the origin of the target coordinate system, coincides with the origin of the scene coordinate system, and moves in a straight line with the uniform velocity vector (v x , v y ).
If we choose o as the reference point, the CSAR imaging result of the moving target is shown in Fig. 3 . The movement induces a delocalisation and a defocusing effect. The delocalisation varies with the position of the radar platform and the moving target. When the moving target speed is perpendicular to the platform flight direction, the delocalisation is the maximum, and when the moving target speed is parallel to the platform flight direction, the delocalisation is minimum.
If we choose the moving point o′ as the reference point, the CSAR imaging result of the moving target is shown in Fig. 4 .
Without compensation of phase error Φ E , the processed CSAR image of moving target is shown in Fig. 4a . In this figure, the point targets, particularly for those located in the scene edge, exhibit severe smearing. Fig. 4b is the imaging result that only compensates for incident angle phase error Φ E1 , and Fig. 4c only compensates for wavefront curvature error Φ E2 . By contrast, we can find that Φ E1 is the main source of phase error. Fig. 4d shows the result obtained by compensating for Φ E1 + Φ E2 . Improvement in image quality is evident. To quantitatively compare the focusing performance, impulse response width (IRW), peak sidelobe ratio (PSLR), and integration sidelobe ratio (ISLR) are used as criteria. The results are listed in Table 2 , and the resolution reaches the theoretical value [12] c 4 f c + B/2 sinα′(0) = 0.2575 m .
Conclusion
In this paper, a circular SAR imaging algorithm based on PFA for moving target has been proposed. The simulation result validate that the impulse responses of point targets are well focused. The CSAR imaging process accurately compensates for the phase error caused by the incident angle changing and the wavefront curvature. Meanwhile, the algorithm is a more general version that can be applied to targets moving with an arbitrary trajectory, as long as the target position is accurately estimated. In the future, further work needs to be done to check the accuracy and robustness on the real data. 
Fig. 2 Distribution of points in the scene

